conclusion that this phonon mode plays a crucial role in the superconductivity of LSCO and probably other copper oxide superconductors.
The driving mechanism for Cooper-pair formation in the high critical-temperature (T c ) copper oxide superconductors (HTcS) remains an open question despite almost two decades of intense research. These investigations of HTcS, including LSCO, have been focusing on the interplay between superconductivity and magnetic fluctuations. This was, in part, because strong antiferromagnetic spin fluctuations are observed (1) . However, recently two types of studies suggest the role of phonons should be re-examined. Angle-resolved photoemission studies show a 'kink' in the dispersion of electron quasiparticles in three different families of hole-doped HTcS (2) . This has been explained as a result of the interplay between electron quasiparticles and the highest energy LO phonon. Inelastic neutron scattering (INS) measurements (3, 4, 5, 6) , as mentioned above, show anomalous softening of the highest energy LO phonon branch with doping. In fact, similar phenomena are observed in various transition (non HTcS) metal oxides having perovskite structure, including La 2−x Sr x NiO 4 (7, 8) and La 1−x Sr x MnO 3 (9) , and the relation with charge ordering has been discussed (6).
LSCO is a convenient sample for the investigation of superconductivity because it has a simple phase diagram. The superconducting phase is well separated from the anti-ferromagnetically ordered phase, and one can control the doping concentration precisely. This makes it straightforward to investigate the mechanism for Cooper-pair formation. The single crystals of LSCO used for this study were grown at Kyoto University using the traveling-solvent floating-zone technique with radiation heating without a crucible (10) . Sample sizes were ∼6 mm in diameter and ∼3 mm in thickness for x =0.29 sample and ∼6×2×30 mm 3 for x =0.12 sample.
Typical mosaic spreads were ∼0.05
• full width at half maximum (FWHM). The crystal structure of these samples at room temperature (RT) is tetragonal, and in this paper, the tetragonal notation is employed. Figure 1 shows the temperature dependence of the diamagnetic susceptibility measured in our samples (x =0.12 and 0.29), in an applied field of 5 Oe under the zero-field cooled condition. As a comparison, data from an x =0.15 sample, which is optimally doped, is also shown.
A substantial superconducting diamagnetic signal is observed in the x =0.12 and x =0.15 samples, while only the onset could be observed at ∼6 K in the x =0.29 sample. Thus the x =0.29
sample can be categorized as over-doped, near the normal metallic phase. The inset of Fig. 1 shows Sr concentration (x) dependence of T c measured on single LSCO crystals. x is determined by the measurements of lattice constants using the previously reported x dependence of lattice parameters from powder samples (11) IXS experiments were performed at BL35XU of SPring-8 (13) . A silicon (888) backscattering monochromator was used to provide a beam of about 3×10 10 photons/sec. in a 4 meV bandwidth at 15.816 keV (∼100µm spot size). The scattered radiation was analyzed using 4 independent spherical crystals in a horizontal scattering geometry. The spectrometer momentum and energy resolutions were about 0.076Å −1 and 6.0∼6.2 meV (FWHM), respectively.
The measurements were done in a reflection mode (Bragg geometry) at 13 K and RT for x =0.12, and at 60 K for x =0.29. Most of the experiments were carried out at low temperature to reduce the background. The crystal was mounted on the cold finger of a closed-cycle helium gas refrigerator on a four circle diffractometer with the [010] crystal axis vertical. Typical scan ranges were -30≤ ∆E ≤120 meV as shown in Fig. 2 . A diffuse elastic component centered at 0 meV was subtracted using the resolution function measured from the elastic scattering of a plastic sample. Clear peaks may be observed at low (|∆E| ≤30 meV) and high (∆E ∼80 meV) energy transfer region. To understand the intermediate region we carried out a lattice dynamical calculation based on a shell model (14, 15) . By adjusting only the scale factor, the data can be easily simulated using the calculated 7 longitudinal phonon components (see Fig. 2 ) except for the highest energy branch, which reveals an anomalous softening. Thus the observed peaks originate from phonon excitations.
Here we focused on the highest energy LO phonon, the Cu-O bond-stretching mode, between 70 and 90 meV. Figure 3 shows the scattered intensity after subtracting the elastic component. The main peaks are phonons propagating in the [100] direction, parallel to the inplane Cu-O bonds. The energy range between ∼55 and 110 meV can be fit using one or two Lorentzian peak(s) and a quadratic background due to contributions from phonons at lower energies. For the x =0.12 sample (Fig. 3(a) ), the peak energy changes from about 86 meV at the zone boundary (zone center of two dimensional CuO 2 plane) to about 71 meV halfway across the zone. At the same time the intensity drops rapidly, mainly reflecting the dependence of the structure factor of this phonon mode on the scattering vector (16) . On the other hand, for the x =0.29 sample (Fig. 3(b) ), the peak energy does not change much compared with the x =0.12
case. The peak disperses from about 86 meV at the zone boundary to about 80 meV at ζ=0.5, where ζ is the momentum transfer in a reduced-zone scheme. The intensity also decreases rapidly as Q departs from the zone boundary. At the same time, some new intensity appears at an energy of about 72 meV, and increases in intensity while the high-energy peak decreases.
In Fig. 3 The dispersion relation is obtained by taking the peak position from the fitting procedure (Fig. 4) . The phonon branch continuously softens from the zone boundary towards the halfway to the zone center in both LSCO x =0.12 and 0.29. The INS results of a non-doped sample (17) (x =0.00) at RT and that of an x =0.15 sample (4) at T =12 K are also shown. We note that many lanthanum cuprates having specific hole concentration x ∼1/8 exhibit drastic suppression of superconductivity (18, 19, 20) , which is known as the 1/8 anomaly. The IXS data at x =0.12 are almost the same as the INS data at x =0.15, therefore this softening feature has no relation with the 1/8 anomaly.
A few IXS data points of the x =0.29 sample near the zone boundary at RT are also plotted in this figure, which shows the energy of this phonon mode is reduced by a few meV. Moreover, the zone boundary energy of the x =0.29 sample at RT is almost the same as the non-doped INS data at RT. Therefore, the energy difference of about 2 meV at the zone boundary between the non-doped INS data at RT and our IXS data at low temperature is thought to be an effect of temperature.
The crucial point of this work is clear in Fig. 3 and 4: the dispersion of the highest energy bond-stretching LO phonon of the over-doped sample, x =0.29, is essentially the same as that of non-doped sample. On the other hand, the samples with x =0.12 and 0.15, near optimal doping, reveal a strong softening near ζ ∼0.5. This shows that the softening becomes large as x is increased from 0 to around optimum doped concentration, beyond which it becomes small again following the change of T c . The recovery of the LO phonon softening near the normal metallic phase clearly demonstrates that the softening occurs only in the so-called anomalous metallic phase where electrons strongly correlate each other and the high temperature superconductivity appears. Therefore, the electron-phonon coupling which causes the LO phonon softening is an important interaction for the formation of Cooper-pairs. The present observation of the recovery of phonon softening in the anomalous metallic phase will evoke further discussions and studies to elucidate the reason for the anomalous phonon softening in the high temperature superconducting cuprates. 
